Human rhinovirus (HRV) infections are associated with the common cold, occasionally with more serious lower respiratory tract illnesses, and frequently with asthma exacerbations. The clinical features of HRV infection and its association with asthma exacerbation suggest that some HRV disease results from virus-induced host immune responses to infection. To study the HRV-infection-induced host responses and the contribution of these responses to disease, we have developed an in vitro model of HRV infection of human airway epithelial cells (Calu-3 cells) and subsequent exposure of human peripheral blood mononuclear cells (PBMCs) to these infected cells in a two-chamber trans-well tissue culture system. Using this model, we studied HRV 14 (species B) and HRV 16 (species A) induced cytokine and chemokine responses with PBMCs from four healthy adults. Infection of Calu-3 cells with either virus induced HRV-associated increases in FGF-Basic, IL-15, IL-6, IL-28A, ENA-78 and IP-10. The addition of PBMCs to HRV 14-infected cells gave significant increases in MIP-1b, IL-28A, MCP-2, and IFN-a as compared with mock-infected cells. Interestingly, ENA-78 levels were reduced in HRV 14 infected cells that were exposed to PBMCs. Addition of PBMCs to HRV 16-infected cells did not induce MIP-1b, IL-28A and IFN-a efficiently nor did it decrease ENA-78 levels. Our results demonstrate a clear difference between HRV 14 and HRV 16 and the source of PBMCs, in up or down regulation of several cytokines including those that are linked to airway inflammation. Such differences might be one of the reasons for variation in disease associated with different HRV species including variation in their link to asthma exacerbations as suggested by other studies. Further study of immune responses associated with different HRVs and PBMCs from different patient groups, and the mechanisms leading to these differences, should help characterize pathogenesis of HRV disease and generate novel approaches to its treatment.
Introduction
Human rhinoviruses (HRVs) belong to the genus Enterovirus in the family Picornaviridae. They are small, non-enveloped, positive strand RNA viruses with a diameter of about 30 nm. There are well over 100 serotypes (or genotypes) of HRVs, phylogenetically divided into three species, A, B, and C. Species A and B viruses can be divided into two receptor binding groups, major and minor. The major group uses inter-cellular adhesion molecule 1 (ICAM1) or CD54 as its receptor (90% of species A and B HRVs) and the minor group uses low-density lipoprotein as its receptor [1, 2, 3] . The receptor for species C HRVs has not yet been identified, but is thought to be distinct. HRVs are the predominant cause of common cold. However, HRV infection also causes lower respiratory tract disease including bronchitis, bronchiolitis and pneumonia [4] , and is associated with wheezing and asthma exacerbations in children and adults [5, 6, 7] . These studies demonstrate that HRV infection is commonly associated with asthma exacerbations, i.e. detected in 50% to 80% of patients with exacerbations, and it is likely that the HRV-induced host response to infection is important to these exacerbations. Hence, studying this response should provide insight into pathogenesis of HRV disease including exacerbations of asthma.
We chose to study the human response to HRV infection by modeling local infection with respiratory epithelial cells, the primary site of human infection, and modeling the immune response to this infection with peripheral blood mononuclear cells (PBMCs). Previously, various respiratory epithelial cells have been used to study the response to HRV infection in vitro and have shown that HRV infection induces a variety of chemokines and cytokines (eg. IL-1, IL-6, IL-8, ENA-78, eotaxin, RANTES and Gro-a) [8, 9, 10, 11, 12, 13, 14, 15] . Some of these cytokines and chemokines have been associated with asthma [5, 6] . Other investigators have also studied the response of PBMCs, or cells purified from PBMCs, to HRV infection and showed a significant increase in cytokines and chemokines such as IP-10 and IFN-a [8, 9] .
In our model, we used a two-chamber trans-well tissue culture system to expose the PBMCs to the HRV-infected airway epithelial cells. With this two-chamber trans-well system, cell contact that might induce HLA-associated responses that confound our results is prevented, but virus, virus antigens and cellular proteins such as cytokines and chemokines can cross the membrane. Thus, this system allows ''cross-talk'' between the airway epithelial cells and the PBMCs. With this system, we can assess the response associated with different airway epithelial cells, different strains of HRV, or different sources of PBMCs. In this report, we used a constant source of airway epithelial cells, i.e. a continuous cell line, and studied differences between strains of HRV and source of PBMCs. We used production of cytokines and chemokines as an indicator of the response to the infection.
Methods

Ethics statement
The individuals in this manuscript have given written informed consent to participate in this study and to publish these case details. The PBMCs had been isolated from blood samples collected from four healthy adults under an Emory Institutional Review Board approved protocol (IRB #-00045690).
Human Airway Epithelial Cells (HAEC) and Viruses
Calu-3, A549 and BEAS-2B cells were obtained from American Type Culture Collection (ATCC) and grown in minimum essential medium (MEM) supplemented with 10% fetal calf serum (FCS), 1 mM L-Glutamine, 1 mM Hepes and 1X non-essential amino acids (Calu-3 media) and incubated at 37uC under 5% CO 2 . HRV 14 and HRV 16 prototype strains were obtained from the Centers for Disease Control and Prevention (Dr. Dean Erdman). The viruses were grown in HeLa cells maintained in MEM containing 10% FCS, 1% penicillin streptomycin and 1% L-Glutamine at 35uC under 5% CO 2 . We chose to study HRV 14 (species B) and HRV 16 (species A), both major receptor group viruses, because they are commonly used for in vitro infection studies. HRV C could not be evaluated in the study because of the difficulty in cultivating the virus. HRV 14 and HRV 16 stocks were prepared by infecting monolayers of HeLa cells. The infected cells were maintained at 35uC under 5% CO 2 until cytopathic effect (CPE) exceeded 70%. The media was collected and centrifuged briefly to remove the cellular debris, and the clear supernatant was divided into aliquots and stored at -80uC.
To determine the virus titer, Hela cells were grown in 96 well flat bottom tissue culture plates (5000 cells/well) and infected with 10-fold serial dilutions of virus in 8 replicates. The infected cells were incubated for 5 days and evaluated daily for CPE by microscopic examination. The tissue culture infectivity dose (TCID 50 ) of the viruses was calculated based on the CPE according to the Reed Muench method. To assess replication of the virus in the human respiratory epithelial cell lines, 150,000 cells/well were seeded in 24 well plates and incubated at 37uC under 5% CO 2 . When the cells reached 60% confluency, they were infected with 0.5 MOI of HRV 14 and HRV 16, and the course of infection assessed at 35uC under 5% CO 2 . Two days post infection, the media was changed. Supernatants from virus infected wells and control wells were collected daily to assess levels of viral RNA. The collected media were briefly centrifuged to remove the cell debris and RNA was extracted using Qiagen RNEasy mini kit according to manufacturer's instructions. HRV RNA was assayed by a real-time RT-PCR assay using AgPath-ID TM One-Step RT-PCR Reagents and the Applied Biosystems 7500 Fast Real-Time PCR System (Life Technologies Corporation, Carlsbad, CA) as previously described [16] . The time course of HRV 14 and HRV 16 replication in Calu-3 cells (i.e. gradual increase in virus RNA and gradual increase in CPE through 5 days post infection), was best suited to our studies and hence Calu-3 cells were used for the remaining studies. Infection was less efficient in BEAS-2B cells and CPE was extensive by 24 to 48 hrs in A549 cells (data not shown).
HAEC and PBMC Co-culture
For the cytokine and chemokine studies, Calu-3 cells were seeded and infected as mentioned above with 0.5 MOI of infectious virus, heat-inactivated virus, and mock-infected cell control material. The inoculum was removed 2 hours later and 500 ul of Calu-3 media was added to each well. Heat-inactivated viruses were prepared by incubating the viruses at 58uC for one hour. The media was removed and fresh media was added two days post infection (p.i.). One day later, i.e. 3 days p.i., trans-well inserts (polyester trans-well inserts, 0.33 cm with 0.4u pores, Corning, Inc., Corning, NY) with one million live PBMCs (viability determined by trypan blue exclusion) were placed in the virus infected and control wells. PBMCs were purified from the blood using ficoll-histopaque density gradient centrifugation, divided into aliquots, and stored in liquid nitrogen. We chose cryopreserved cells because they are often used for PBMC studies and provide a consistent source of cells. A consistent source of cells facilitates comparisons between experiments. Media was collected from the basolateral chamber at 6, 24, and 48 hours after addition of the PBMCs. The collected media was centrifuged, stored at80uC, and later tested by multiplex luminex assays according to 
Analysis
Statistical analyses were conducted using SAS 9.2 (Cary, NC) and statistical significance was assessed at the 0.05 unless otherwise noted. Due to the small sample sizes and non-normal data, nonparametric tests were utilized. Specifically, for each cytokine, the actual data values were replaced by their rank in the dataset and the analyses were carried out on the ranked data. The median and range were used to summarize cytokine levels. We initially looked for cytokine and chemokines that had a significant increase, or decrease, with HRV infection both without and with PBMCs. In this analysis, the values for HRV-infected cells (for each HRV 14 and 16 independently) were compared to values for mock infected cells and the values for PBMCs exposed to infected cells compared to values for PBMCs exposed to mock infected cells. The cytokines that showed a significant increase or decrease (i.e. an HRV-associated response) were analyzed further using a twofactor analysis of variance model (ANOVA). With this model, we assessed the effect of the addition of PBMCs and virus type (HRV14/HRV16) on results. All models initially included a term for interactions between PBMC and virus type but this term was removed from the model if the effect was not significant. Specifically, we compared the effect of virus type on cytokine expression for different sources of PBMCs, and the effect of PBMCs on cytokine expression for each virus type. For most analyses, we compared: (1) 
Results
The replication kinetics based on real-time RT-PCR Ct values varied between the viruses (Fig 1A) with HRV 14 growing more efficiently than HRV 16. Infectivity titrations on supernatants of the Calu-3 infected cells, similar to results for RT-PCR, showed gradual increase in infectious virus over time and more efficient replication for HRV 14 (data not shown).
As noted in earlier studies, a number of chemokines and cytokines were induced by HRV infection of airway epithelial cells. Not previously described, however, are the types of differences in responses between HRV 14 and HRV 16 and the impact of adding PBMCs on responses to infection. Initially we looked at the cytokine/chemokine secretion at 1, 2, 3, 4, and 5 days p.i without the addition of PBMCs. We saw substantially lower levels of cytokines and chemokines (often not significantly above mock infected levels) at 1 and 2 days p.i (data not shown) and consistent increases above mock infected levels at 3, 4, and 5 days p.i. Peak levels were often achieved at 4 or 5 days post infection. Hence, we focused our analysis on days 3-5 p.i. Virus or cellular proteins in the inoculum should not have been present at 3 days p.i. since the inoculum was removed 2 hrs post infection and the media was changed 2 days p.i. Since the levels of cytokines/ chemokines induced by heat inactivated (HI) HRV control or mock-infected control inoculum were similar, we used mockinfected control for most comparisons. HRV-associated change in the levels, i.e. difference between HRV-infected compared to mock infected cells at 3-5 days p.i was noted for IL-6, IL-15, MIP1b, IL-28A, interferon gamma-induced protein 10 (IP-10 or CXCL10), epithelial neutrophil activation protein-78 (ENA-78), and basic fibroblast growth factor (FGF-Basic) without PBMCs (Table 1 ). In addition, differences in responses induced by HRV 14 compared to HRV 16 infected cells were evident for ENA-78, FGF-Basic, IL-6, IP-10, MIP-1b, IFN-a, MCP-2 and IL-28A, ( Table 1) .
The addition of PBMCs to the infected cells affected results for some but not all cytokines. For the cytokines FGF basic and IL-15 the addition of PBMCs did not significantly change the levels (Table 1) and for IL-6 the addition of PBMCs did not affect the relative differences between the levels associated with HRV 14 and HRV 16 infection. Hence PBMCs were removed from ANOVA model for these three cytokines/chemokines. HRV 16 produced higher levels of FGF-basic compared to HRV 14 [(median values -157.2 pg/ml vs.57.1 pg/ml) (p,0.001)]. There was no significant difference in IL-15 levels between the two viruses [(530.7 pg/ml vs. 425.6 pg/ml) (p = 0.228)]. HRV 16 produced higher levels of IL-6 compared to the HRV-14 virus [(2490 pg/ml vs. 1263 pg/ ml) (p = 0.018)] and the addition of PBMCs significantly decreased IL-6 expression for both viruses (p,0.001). For the other cytokines and chemokines the PBMCs did affect results and PBMCs were included in the model (Table 2 ). HRV 14 produced higher levels of IP-10 compared to HRV 16 for both with and without PBMCs (p = 0.003 and p,0.001, respectively) ( Table 2 ). The addition of PBMCs significantly decreased IP-10 expression in HRV 14 (p = 0.012); but not in HRV 16 infections (p = 0.163) ( Table 2) . Without PBMCs, HRV 16 produced significantly higher levels of MIP-1b compared to HRV 14 (p = 0.003); however, when PBMCs were added, HRV 14 produced significantly higher levels of MIP1b compared to HRV 16 (p = 0.003). The addition of PBMCs significantly increased MIP-1b expression in HRV 14 infected cells (p,0.001), whereas PBMCs had no effect on MIP-1b expression in the HRV 16 virus (p = 0.502) ( Table 2 , Fig 1F) .
Without PBMCs, there was no difference in IFN-a expression by HRV serotype (p = 0.502) ( Table 2 , Fig 1B) . After the addition of PBMCs, HRV 14 produced higher levels of IFN-a ( Table 2 , Fig  1B) ; however, not significantly so (p-value of 0.017, the Bonferroni adjusted significance level is 0.0125). For both HRV 14 and HRV 16, the addition of PBMCs significantly increased IFN-a expression (p,0.001 and p = 0.003, respectively) ( Table 2) . Without the addition of PBMCs, there was no difference in IL-28A expression between HRV 14 and HRV 16 viruses (p = 0.232) (Table 2) 5 days p.i. After the addition of PBMCs, HRV 14 produced higher levels of IL-28A compared to HRV 16, but not significantly so (p-value of 0.014) ( Table 2 ). The addition of PBMCs significantly increased IL-28A expression with HRV 14 (p = 0.001), but did not change expression of IL-28A in the HRV 16 virus (p = 0.578) ( Table 2 , Fig 1C) . Without the addition of PBMCs, HRV 14 produced higher levels of ENA-78 (p = 0.017), while with the addition of PBMCs, there was no difference in levels between the HRV 14 and HRV 16 (p = 0.208). Adding PBMCs significantly decreased ENA-78 expression in HRV 14 infected cells (p,0.001), but did not affect expression in HRV 16 infected cells (p = 0.352) ( Table 2 , Fig 1D) . Finally, there was no significant difference in MCP-2 levels between HRV 14 and HRV 16 without PBMCs (p = 0.502) but with PBMCs, levels of MCP-2 were higher in HRV 14 infected cells but not significantly so (p = 0.0169) ( Table 2 , Fig 1E) .
While most of the HRV-associated responses were evident at all points with greatest differences at the 5 days p.i., some were evident at some but not all time points (Fig 1B, 1C, 1D and 1F) . For example, a much larger increase in IL-28A was detected for HRV 16 without PBMCs at 4 days p.i. than at 5 days p.i. (Fig 1C) . We also noted donor to donor differences in the expression of some cytokines like MCP-1, HGF, IL-1RA and RANTES not included in the analysis above. For these cytokines, increases in levels compared to mock-infected cells were consistent with an HRV-associated response for some but not all PBMCs as illustrated in Table 3 . These results suggest an HRV 16-associated response for MCP-1 and HRV 14-associated response for HGF for PBMC 2 and PBMC 3. For IL-1RA, the values are suggestive of an HRV 14-associated response for PMBC 2 and PBMC 3 and HRV 16-associated response for PBMC 3. For RANTES, the values are suggestive of an HRV 14-associated response for PBMC 1 and PBMC 2 and an HRV 16-associated response for PBMC 4. These types of differences in responses between sources of PBMCs are being further characterized. Next, to assess the likelihood that experimental variability might explain some of the differences detected, we analyzed responses in two separate experiments with PBMCs from the same blood sample from the same donor. As noted in Table 4 , the results between experiments from the same PBMCs were consistent and experiment to experiment variation does not explain the extent of differences between HRV strains or PBMCs. Next, to determine if the extent of virus replication affected cytokine and chemokine levels and might explain the differences that we saw between HRV 14 and HRV 16, we used a higher dose of HRV 16 (2.5 or 5 MOI) which resulted in similar levels of HRV RNA between HRV 14 (at MOI of 0.5 or 1) and HRV 16 at the 24 hr and 48 hr time points. Although the higher MOI for HRV 16 gave a slight increase in some cytokines, e.g. IFN-a and MIP-1b (data not shown), it did not affect the significance of differences between chemokine and cytokines levels for HRV 14-and HRV 16-infected cells. Finally, to check if factors in the virus inoculum affected our results, we purified the viruses through 20% sucrose cushion gradient and infected Calu-3 cells with the purified viruses. We saw a similar pattern and level of cytokine and chemokine responses between the purified and the unpurified inoculums. Overall, the levels of each cytokine and chemokines secreted by HRV 14, HRV 16 or uninfected control infections without PBMCs, were within the range as given in Table 1 suggesting that non-virus factors present in the unpurified inoculum did not affect our results.
Discussion
Infection of respiratory epithelial cells with HRV as well as other respiratory viruses has been shown to induce various chemokines and cytokines that likely participate in the inflammatory or immune response to infection. In this report, we describe use of a two-chamber trans-well system to expose PBMCs to HRV-infected respiratory epithelial cells to model the immune response to this infection. With this system, we looked for changes to immune responses when the infecting virus or the source of immune cells was varied. Our data show that both virus and source of PBMCs can affect the immune response as indicated by changes in secreted cytokines.
A variety of cytokines and chemokines were induced by both HRV 14 and/or HRV 16 infection that include FGF-Basic, chemokines and cytokines like IL-6, IL-15, MCP-2, IP-10, MIP1b, type I IFN-a, type III IFN-l2 (IL-28A) , and ENA-78. Some of these responses have been previously noted [8, 9, 17] . We did not see increases for all the cytokines or chemokines previously reported to be induced by HRV infection. For example, we did not see increases in IL-1, IL-8, GM-CSF, and eotaxin. The reason for these differences is not clear, but could result from differences in the HRVs studied, the cells used for the infection, or other differences in methods.
The addition of PBMCs to the HRV-infected Calu-3 cells had substantial effect on the cytokine and chemokine responses. These changes include increases in levels of IL-28A, IFN-a, MCP-2 and MIP-1b for one or both viruses and decreases in levels of IP-10, IL-6, and ENA-78 for one or both viruses. Korpi-Steiner et al. also looked at the interaction of HRV 16-infected airway epithelial cells and human immune cells. They studied monocytes purified from PBMCs, and used co-culture or supernatant from monocytes exposed to HRV 16 to demonstrate a monocyte induced increase in CXCL10 (IP-10) production by infected airway epithelial cells [8] . Another group noted an increase in IL-6, IL-8 and RANTES production with the addition of media from HRV exposed PBMCs to HRV-infected airway epithelial cells [18] . Stokes et al found that addition of monocytes to HRV 1B-infected BEAS-2B cells did not enhance production of IL-8 or RANTES though IL-8 production was increased when infected cells were also treated with LPS [19] . The interaction between airway epithelial cells and human immune cells during HRV infection is likely important to the disease process. The cytokines and chemokines induced by HRV infection of Calu-3 cells and/or Calu-3 cells plus PBMCs are associated with a range of functions including activation of immune cells that are implicated in allergic responses, cell proliferation, anti-viral activity, and pro-inflammatory and antiinflammatory functions.
Several findings suggest directions for future study. One interesting finding is the difference in induction of ENA 78 between HRV 14 and HRV 16. ENA-78 has been reported to be induced by HRV infection of BEAS-2B cells and suggested to have a role in allergy and airway inflammation [18, 20] . In the present study, the addition of PBMCs to HRV 14-infected cells down regulated ENA-78 production but did not affect the level of ENA- Table 2 . Virus-associated cytokine/chemokine (pg/ml) responses with and without PBMCs in Calu-3 infected cells (n = 4). 78 produced by HRV 16-infected cells. Similarly, the addition of PBMCs to HRV 14-infected cells led to increased levels of IFN-a, MIP-1b and IL-28A and MCP-2 levels were increased in both HRV 14 and HRV 16 infected cells when exposed to PBMCs. Previous studies show that increases in IFN-a levels are associated with decreased levels of ENA-78 [21] . The reduction in the levels of some cytokines and chemokines after PBMC exposure is not surprising since PBMCs do play an important role in regulation of immune responses by a number of mechanisms including release of mediators that regulates cytokine or chemokine degradation or receptor mediated consumption of cytokines [22, 23] . This in vitro model provides a way to study the effect of production of one cytokine on production of other as well as HRV strain differences in cytokine and chemokine production. Strain differences in response to HRV infection are consistent with earlier observations. Wark and colleagues [24] measured release of IL-6, IP-10, IFN-b and IFN-c by HRV-infected primary bronchial epithelial cells and noted higher levels induced by recent clinical isolates compared to laboratory passaged strains and differences in levels between cells infected with HRVs from the major and minor receptor groups. They also noted differences in levels produced by infected primary bronchial epithelial cells from asthmatic compared to non-asthmatic patients. With their system, they did not detected differences in levels of cytokines or chemokines induced by HRV 14 and HRV 16 [24] . Species differences in the way the HRV 2A protease alters cell functions has been recently reported and suggests one possible mechanism for the differences we noted [25] . Epidemiologic studies have shown HRV species differences in associations with asthma exacerbations with species A HRVs showing stronger associations than species B HRVs [26] . HRV 14 is a species B virus and HRV 16 is a species A virus. The HRV-induced responses seen in our in vitro model provides another way to study the impact of strain variation on disease outcome.
Responses to HRV infection by PBMCs also provides a promising way to study patient differences that may contribute to disease, e.g. exacerbations of asthma. Others have noted and studied cytokine or chemokine responses during HRV infection in respiratory specimens from patients with and without asthma. For example, in studies of respiratory secretions, Gern et al reported that experimental infection of allergic individuals with HRV 16 resulted in increased levels of IL-8 and granulocyte colony stimulating factor (GCSF) [27] , Miller et al found an association between increased levels of Type III IFN-l and wheezing with HRV infection in patients with asthma [28] and Garcia et al noted lower levels of MCP-1 and IL-1Ra associated with increased severity of HRV infection [29] . Groups have also looked at cytokines and chemokines induced by exposing immune cells from patients with asthma to HRVs. For example, Forbes et al noted lower levels of type I and III IFN in HRV43 and 1B exposed PBMCs from pregnant women with asthma [30] , Iikura et al. found lower levels of IFN-a and inflammatory and other cytokines in PBMCs from patients with asthma exposed to HRV 14 [31] and Sykes et al. found decreased type I IFN responses to HRV 16 exposed BAL cells from patients with asthma [32] .
In conclusion, the results of this study show that differences in the virus and host can lead to changes in the expression of various cytokines produced by human airway epithelial cells and/or PBMCs responding to HRV infection. These differences in cytokine and chemokine expression may be associated with and help explain differences in disease such as previously noted differences between infections with species A and B HRVs or between infections in children with and without asthma. This model provides one way to study the basis for these differences and pathogenesis of HRV disease. 
